Background and Aims Alpine and arctic environments worldwide, including high mountains, are dominated by short-stature woody plants (dwarf shrubs). This conspicuous life form asserts considerable influence on local environmental conditions above the treeline, creating its own microhabitat. This study reconstructs the evolution of dwarf shrubs in Alchemilla in the African tropical alpine environment, where they represent one of the largest clades and are among the most common and abundant plants.
INTRODUCTION
Alpine and arctic environments are usually characterized by the absence of tall woody plants such as trees and large shrubs. However, many plants do develop woody rhizomes or stems. Woody-stemmed (dwarf) shrubs are abundant and conspicuous in alpine and arctic environments, to the extent that they have been used as a proxy for the investigation of climatic changes in these areas (Myers-Smith et al., 2011; Bokhorst et al., 2012; Kaarlejarvi et al., 2012; Rayback et al., 2012; Preece and Phoenix, 2013 ; and many more). They are often the tallest plants occupying tundra ecosystems upslope (subalpine and alpine environments) or northward (arctic environments) of the treeline ecotone (Lantz et al., 2010) and can form dense thickets with closed canopies in suitable habitats (Myers-Smith et al., 2011) . Dwarf shrubs are often most abundant in wet tussock tundra (Gorsuch et al., 2001) , including areas of tropical Africa with alpine-like climatic conditions, i.e. the Afroalpine (Hedberg, 1951; Gehrke and Linder, 2014; Fig. 1) . These Afroalpine regions are found above the dense forests on the high mountains of tropical Africa and form a series of 'sky islands' with a flora sharply distinct from that of the surrounding tropical lowlands (Hedberg, 1951; White, 1983) . Climatic conditions in the Afroalpine differ more between daytime and night-time conditions ('summer every day and winter every night'; Hedberg, 1964) than between different times of the year, while generally being characterized by a typical equatorial climate that is modified by elevation and exposure (Lauer, 1975) . Frost can occur during clear nights throughout the year (Hemp, 2006) and plants growing here must be able to withstand regular freezing and extreme, sudden temperature differences (Hedberg, 1964) . In addition to dwarf shrubs, these regions also harbour giant rosette plants -giant senecios (Dendrosenecio, Asteraceae) and giant lobelias (Lobelia, Campanulaceae) -that show unusual 'woody' structures.
Part of the success of dwarf shrubs, especially those above the treeline, can be attributed to the way in which they effectively modify their own microhabitat (Körner, 2012) . Their low, dense habit creates a microclimate that is warmer than that immediately below the treeline (Körner, 2012) and that is associated with an increase in leaf-litter accumulation and decomposition rates (Cornelissen et al., 2007) , greater nitrogen (N) availability or faster N cycling (Chu and Grogan, 2010) , greater seedling survival by acting as nurse plants (Klanderud and Totland, 2004) and moderating the effect of wind (Körner, 2012 ; see also Table 2 in Myers-Smith et al., 2011) . Dwarf shrubs have a reported effect on a wide range of ecosystem processes, including snow depth and persistence (including associated hydrological dynamics; Myers-Smith et al., 2011) and soil cooling through shading (Blok et al., 2010) . A further important advantage of the dwarf shrub habit seems to be that of permanence (Billings and Mooney, 1968) . Hence, this life form can be seen as an important adaptation to alpine environments (Boucher et al., 2012) , despite the fact that it is also common in other habitats and that other factors have recently been reported to be the 'key angiosperm strategies' successful in alpine environments (e.g. deciduous leaves, small conduits and herbaceous habit; Zanne et al., 2014) .
As in many other places of the world with alpine-like environments, most species with a shrubby stature in the Afroalpine belong to the families Asteraceae, Ericaceae and Rosaceae (Hedberg, 1964; Gehrke and Linder, 2014 ). Here we focus on dwarf shrubs that belong to Alchemilla (Rosaceae; lady's mantle). Alchemilla has been shown to consist of four clades (Gehrke et al., 2008) : Alchemilla s.s., Aphanes, Lachemilla and the Afromilla clade, which is mostly confined to Africa (but which probably also includes two species found in Sri Lanka, southern India and Java). With the exception of mostly annual Aphanes, Alchemilla species are perennial, with basal leaves arising from woody rhizomes. Many Alchemilla species are long-lived and can form more or less dense clumps or mats, but, with the exception of Lachemilla polylepis and a number of Alchemilla species in Africa, they do not develop into entirely woody shrubs with erect branches. The flowers of Alchemilla are generally inconspicuous individually, being greenish to yellow, small and without petals, but inflorescences can be fairly showy. Members of the Alchemilla s.s. clade are usually highly polyploid or aneuploid [2n ¼ 64-106(-224); Fröhner, 1995] , regularly reproduce clonally and are mostly thought to be apomictic, i.e. agamospermous, in the form of obligate gametophytic diplospory, in which endosperm formation and embryo development are completely independent of fertilization (Fröhner, 1995) . Aphanes species have been reported to have chromosome counts of 2n ¼ 16, 32 or 48 (Izmailow, 1999) and to reproduce at least partially through sexual reproduction. However, little is known about ploidy and the form of reproduction in Lachemilla and the Afromilla clade.
Eight of the 14 species of Alchemilla that occur commonly in the upper parts of the Afroalpine are dwarf shrubs that are entirely woody (Graham, 2000; Gehrke and Linder, 2014) . The remaining six species are prostrate herbs with a woody rootstock and without erect woody branches, or are prostrate subshrubs (A. subnivalis). Some species, e.g. A. johnstonii, are intermediate, but they usually possess herbaceous branches in addition to being partly woody. All dwarf shrub species occur either exclusively or at least predominantly in the Afroalpine and are endemic to single mountain ranges or regions, whereas those species predominantly occurring outside the Afroalpine are all at least partially herbaceous and generally more widespread in their distributions. One exception to this rule is the shrubby A. argyrophylla, which is distributed in Kenya (Mt Kenya, Aberdares), southern Sudan (Imatong), Tanzania (Kilimanjaro) and Uganda (Rwenzori).
In this paper, we use phylogenetic inference methods with plastid and nuclear ribosomal (nr) DNA sequence markers. We test: (1) how often a true dwarf shrub life form has evolved in Alchemilla; (2) when dwarf shrubs evolved and whether they did so in situ in Africa (i.e. potentially as an adaptation to newly formed alpine environments); and (3) whether the dwarf shrub life form could be a key innovation that has led to enhanced diversification rates.
METHODS

Taxon sampling and datasets
We sampled all African Alchemilla species available to us (Supplementary Data Table S1 ). We included all currently accepted species from East and West Africa, five of eight species from Madagascar and eight of 16 species from southern Africa, in total 30 species. The African Plant Database (2009) lists 40 species plus four subspecies and two hybrid taxa as being validly accepted for Alchemilla in sub-Saharan Africa and Madagascar. Species we failed to include are all herbaceous and morphologically similar to other species in their respective regions. We included multiple accessions of species that were geographically widespread and/or morphologically variable. As outgroups we included representatives of all clades in Fragariinae according to Dobes and Paule (2010) (Eriksson et al., 2003; Potter et al., 2007; Töpel et al., 2011 Töpel et al., , 2012 . From the Rosaceae dataset a reduced Rosoideae dataset was created by excluding Amygdaloideae (with the exception of Oemleria, Prunus laurocerasus and Lyonothamnus, required for the fossil assignment). Phylogenetic analyses were performed for each region of the Fragariinae subsets independently and combined nr and combined plastid datasets to identify any instances of supported conflict between individual markers or gene trees as described in Gehrke et al. (2010) . For African Alchemilla, we additionally combined all plastid and nr data, but excluded conflict by removing plastid or nr data for A. elgonensis, A. hagenia and A. triphylla. The newly described monotypic genus Chamaecallis (Eriksson et al., 2015) was excluded from analyses due to the availability of only ITS1 and part of trnL-F in GenBank. These markers provided insufficient data to place the taxon with any degree of certainty and its inclusion led to decreased overall support (data not shown).
DNA extraction, sequencing and matrices
Leaf material from collections dried in silica and herbarium samples was pulverized using a Retsch MM301 ball mill (Retsch, Haan, Germany). Total genomic DNA was extracted using the Qiagen DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer's protocols with minor modifications. To obtain any polymerase chain reaction (PCR) products, the extracted DNA had to be diluted 1:100. PCR was performed in 25-ml reactions [1 Â PCR buffer with 2Á5 mM MgCl 2 , 0Á25 mM dNTPs, 1Á6 lM primers and 1 unit of Taq polymerase (New England Biolabs Inc., Ipswich, USA)] in a GeneAmp PCR System 2700 thermal cycler (Applied Biosystems Inc., Foster City, USA).
After an initial screening of several plastid markers, the plastid regions, the trnL-trnF intergenic spacer plus the trnL intron (trnL-F), rpoB-trnC and the rpl32-trnL intron were employed using primers described in Shaw et al. (2005 Shaw et al. ( , 2007 . The internal transcribed spacer (ITS, composed of ITS1-5.8S-ITS2) and external transcribed spacer (ETS) regions of nrDNA were amplified using ITS18S (Muir et al., 2001) , ITSA and C (Blattner, 1999) or ITS4 (White et al., 1990) and ETS1 and IGS8 (Oh and Potter, 2005) . The Rosaceae and Rosoideae matrices for molecular dating analyses were assembled based on plastid data only (matK, rbcL and trnL-F regions), including mostly published sequences from GenBank (Supplementary Data Table S2 ).
PCR products were purified with ExoSap-IT PCR Clean-Up (Affymetrix, Santa Clara, CA, USA) or the Macherey-Nagel PCR Purification Kit (Macherey-Nagel, Düren, Germany). Cycle sequencing was carried out with BigDye Terminator 3.1 (Applied Biosystems, Foster City, CA, USA) using the same primers as for the amplifications with the exception of ETS, for which a new internal primer was designed for this study (IGSAlch: 5 0 GTT GTG TGG GTT GGC GGG CT 3 0 ). The fluorescently labelled samples were run on an ABI 3130xl Genetic Analyzer at Johannes Gutenberg University Mainz (Germany) for sequencing. Sequencher 4.10.1 (Gene Codes, Ann Arbor, MI, USA) was used for trace file editing and sequences were submitted to GenBank (Supplementary Data Table S2 ). Sequence alignment was performed using Mesquite version 3.03 (Maddison and Maddison, 2009 ) and was edited by hand.
We excluded ambiguous areas in the alignment, such as poly-A regions. Gaps were coded following the simple indel coding method of Simmons and Ochoterena (2000) using SeqState version 1.32 (Müller, 2005) .
Phylogenetic analyses
Selection of the best-fitting partitioning strategies and substitution models for all maximum likelihood (ML) and Bayesian analyses was performed using PartitionFinder v.1.1.1 (Lanfear et al., 2014) , employing a heuristic search strategy and comparison by means of the Bayesian information criterion (Supplementary Data Table S3 ).
Parsimony analyses were performed using PAUP* 4b10 (Swofford, 2002 ) with a heuristic search of 500 replicates, random sequence addition, tree bisection-reconnection (TBR) branch swapping and MULTREE on (keeping multiple, equally parsimonious trees), saving a maximum of 50 trees per replicate. Support was assessed using 1000 replicates of non-parametric bootstrap analysis using the same settings as in the heuristic search.
The ML tree searches were performed using RAxML-VI-HPC 7.2.6 (Stamatakis et al., 2008) with 500 bootstrap replicates using the CIPRES Science Gateway (Miller et al., 2010) .
Ancestral character and ancestral area reconstruction
We coded the geographical locality of individual samples instead of the recorded distribution of species because some species proved not to be monophyletic. To avoid bias in the ancestral area reconstruction, we included in as many cases as possible more than one accession per species to reflect the widespread distribution ranges of taxa. Character reconstructions were performed using Mesquite on the plastid and nuclear datasets separately. We did parsimony reconstructions (using the StochChar module), which we deemed appropriate because the number of inferred character transitions was low (Pirie et al., 2012) . To take into account phylogenetic uncertainty, the character states were reconstructed using 100 randomly selected trees from the RAxML bootstrap analysis and mapped onto the best likelihood tree of the same analysis.
We investigated the following.
(1) Ancestral areas (coding: Ethiopia, East Africa, Madagascar, southern Africa, West Africa, western Eurasia, eastern Eurasia, Australia, Central and South America and North America). We also tested the impact of splitting East Africa into western and eastern East Africa. (2) Life form (dwarf shrubs, perennial with a woody base, entirely herbaceous perennial or annual). (3) Elevational niche preference (alpine-like habitat, montane region and lower elevation). The life-form analyses were repeated coding herbaceous perennials with or without a woody base under the same state. This distinction is more meaningful in seasonal temperate regions, where a woody base is indicative of above-ground persistence during a distinct resting season. It is less meaningful in the Afroalpine, where growth occurs all year round. For example, A. andringitrensis, A. elongata and A. johnstonii have a woody base but also non-woody parts: these are not considered as dwarf-shrubs here (see also Soltis et al., 2013 for a discussion on coding herbaceousness versus woodiness). For the niche based on elevation we considered the areas with alpine-like climatic environments in tropical East Africa above 3500 m, in southern Africa above 2500 m and in Europe and Asia above 2000 m as alpine in order to take into consideration the effect of latitude on climatic conditions. We also only considered a species as alpine if it can be found commonly in these areas but not if it occurs there only rarely, i.e. if a taxon can be considered to be an alpine element. The coding can be found in Supplementary Data Table S4 .
Molecular dating
We used 85Á8 million years (Ma) as the most conservative estimate for the minimum age of the Rosaceae crown group based on Crataegites borealis, the oldest known Rosaceae fossil (Samylina, 1960, as A strict molecular clock was rejected based on a likelihood ratio test, given the general time-reversible model and best tree with and without a molecular clock constraint. Two different relaxed-clock dating approaches were used: BEAST v1.8.0 (Drummond et al., 2012) and RelTime v.2.0 (Tamura et al., 2012) .
In BEAST we attempted to apply a lognormal relaxed-clock model implemented with the full Rosaceae dataset, but abandoned the analyses due to consistent failure of runs to converge. This was potentially due to the stark difference in substitution rates between Rosoideae and Amygdaloideae (Supplementary Data Fig. S1 ), which violates the assumption of a lognormal rate distribution (Dornburg et al., 2012) . We therefore constructed the Rosoideae dataset with only a few representatives of other Rosaceae (Supplementary Data Fig. S2 ). We applied a uniform prior of 115Á0-85Á8 Ma for root height (stem age of Rosaceae) and applied exponential priors to represent additional fossils used to constrain the (minimum) ages of internal nodes: 85Á8 Ma (mean, 20) for the Rosaceae crown node; 26Á5 Ma (mean, 20) for Cercocarpus, placed at the crown node of Dryadoideae (de León and Cevallos-Ferriz, 2000) ; 26Á5 Ma (mean, 20) for the stem node of Potentillinae (Wolfe and Schorn, 1989) and 2Á5 Ma (mean, 10) for the crown node of Fragaria (Matthews and Ovenden, 1990) . We used unlinked substitution models for partitions, unlinked clock models with an uncorrelated lognormal relaxed-clock and a Yule model. Two separate independent runs with chain length of 10 000 000 generations sampling every 1000 with independent partitioning and substitution model according to the results of PartitionFinder were combined. The two independent runs were checked for convergence and burn-in using Tracer (Rambaut et al., 2014) and combined excluding the standard burn-in of 10 % using LogCombiner v. 1.7.2 and TreeAnnotater v. 1.7.2 (Drummond et al., 2012) . Trees were displayed using FigTree v. 1.4.0 (Drummond et al., 2012) .
RelTime analyses were based on the best trees of the RAxML analyses using the full Rosaceae dataset, the Rosoideae subset and the Fragariinae dataset on the plastid and nuclear data separately. We ran two separate analyses for each dataset to represent an approximation of the calibration uncertainty. For the Rosaceae and the Rosoideae datasets we used 103Á0 and 85Á8 Ma for the maximum and minimum stem ages of Rosaceae. For the Fragariinae dataset we constrained the split between Fragariinae and Potentillinae to an age of 50-25 Ma as a conservative result of the Rosaceae dating analyses.
Diversification rate shifts
To get time-calibrated trees we used BEAST as outlined above on the plastid dataset of Fragariinae and constrained the root height according to the Rosoideae BEAST dating (Table 1) with a normal distribution, giving a mean of 49Á2 and standard deviation of 4 (Supplementary Data Fig. S3) . Diversification rate constancy was tested under ML using LASER version 2.2 (Rabosky, 2006) in R version 3.2.0 (R Development Core Team, 2015) using birth-death and densitydependent speciation models. Shifts in diversification rates were calculated using MEDUSA (Alfaro et al., 2009) as implemented in the GEIGER package version 2 (Pennell et al., 2014) . We also used 100 randomly chosen trees from the posterior distribution of trees to account for the phylogenetic uncertainty in the MEDUSA analysis. Additionally we used BAMM 
2.0 (Rabosky, 2014) and BAMMtools 2.0 . We used setBAMMpriors to adjust the priors according to the scaling of the tree. The initial speciation rate was calculated according to Magallon and Sanderson (2001) and set to 0Á122 (50 Ma and 900 species) and extinction rate was set to 0Á005. The Markov-Chain-Monte-Carlo chain was run for 10 000 000 generations, sampling every 1000th generation. Convergence and effective sample size values were assessed in R (burn-in ¼ 10 %). The credible shifts and reconstruction of the mean of the marginal posterior density of speciation, extinction and net diversification rates across the tree were computed using BAMMtools. Both analyses were run (1) on a combined, time-calibrated Fragariinae tree generated with BEAST with missing taxa assigned to terminals in clades randomly according to species numbers (as given in the Supplementary Data Table S5 ) and (2) on the same tree pruned to well-supported clades outside the Afromilla clade with total species numbers of the clade assigned to that terminal.
RESULTS
Direct sequencing, phylogenetic conflict and phylogenetic analyses
Amplification and sequencing were generally challenging, with problems commonly encountered for Alchemilla and related species (own observations and Diego Morales-Briones, University of Idaho, USA, pers. comm.), which might be related to the presence of secondary compounds. Alignment was generally straightforward in the ingroup. Sequences of a number of species showed that accessions formed monophyletic or, given limitations in phylogenetic resolution, not demonstrably poly-/paraphyletic groups (e.g. A. abyssinica, A. andringitrensis, A. haumanii, A. rothii). Other species were clearly not monophyletic (e.g. A. fischeri, A. kiwuensis, A. rutenbergii and A. subnivalis; Fig. 3 ). The topologies and support values resulting from parsimony, ML and relaxed clock Bayesian inference were more or less consistent. The inferred relationships of taxa in Fragariinae (Fig. 2 and Supplementary Data Figs S4 and S5 ) corresponded to those presented in previously published phylogenetic trees (Eriksson et al., 2003; Potter et al., 2007; Dobes and Paule, 2010; Töpel et al., 2012) . There was strongly supported incongruence between plastid and nuclear trees (Fig. 2) , as reported previously in Fragariinae (Lundberg et al., 2009; Eriksson et al., 2015) with the exception of the placement of Aphanes arvensis in Alchemilla s.s., shown by Lundberg et al. (2009) , which was not supported in our analyses. We did not combine the nr and plastid data of Fragariinae due to conflicting signals (Fig. 2) , but did perform a combined analysis of the African Alchemilla material after removing the nuclear data of A. elgonensis, A. triphylla and A. hagenia ( Fig. 3 and Supplementary  Data Fig. S6 ). There was strong support for the monophyly of the Haumanii clade and two Madagascan clades and some support for the dwarf shrub clade and a southern African clade with the exception of widespread species such as A. kiwuensis and A. cryptantha (Fig. 3) . The relative position of these clades was not supported. 
Lachemilla Afromilla
Ancestral area reconstruction
The origin of Fragariinae was most likely in eastern Asia (node 1 in Fig. 4) , whereas that of Alchemilla s.l. (node 2) remains unclear, with the majority of reconstructions equivocal (Supplementary Data Table S6 and Fig. S7 ). Alchemilla is inferred to have colonized Africa by long-distance dispersal to East Africa from an unknown source, potentially Eurasia (Gehrke and Linder, 2009) . From the East African mountains, Ethiopia was colonized at least three times independently. The clade of species endemic to southern Africa most likely represents a single colonization event from tropical East Africa. Widespread species (e.g. A. cryptantha and A. kiwuensis) represent independent colonization events. West Africa was colonized at least twice independently. Madagascar was colonized at least once, but potentially twice or more independently. The African accession of Aphanes is inferred to constitute an independent colonization of the Afroalpine from western Eurasia. The exact area of origin in tropical East Africa of the dwarf shrub clade was not reconstructed unequivocally.
Ancestral character reconstruction
Parsimony optimization of elevation suggests that Fragariinae (node 1 in Fig. 4 ) evolved and diversified mostly at mid-elevations (see also Supplementary Data Table S7 ). The origin of Alchemilla s.l. (node 2) and of Afromilla (node 3) at a particular elevation range cannot be identified with certainty as most nodes are equivocal between alpine and mid-elevation.
The ancestral life form in Fragariinae (node 1) is most often reconstructed under parsimony to have been a perennial herb without a woody rootstock. The most recent common ancestor of Alchemilla s.l. probably had a woody base (node 2 in Fig. 4 , Supplementary Data Table S8 ). Dwarf shrubs seem to have evolved in Fragariinae several times independently and at least twice in the Afromilla clade (nodes 4 and 5 in Fig. 4) . Additionally, ancestral reconstructions indicate reversals in Fragariinae, especially in Alchemilla s.s. and in the Afromilla clade, from plants with a woody base to entirely herbaceous forms.
Molecular dating
Our age estimates in Rosaceae (Table 1 and Supplementary  Data Table S9 and Figs S3 and S4) differed significantly from ages inferred by Töpel et al. (2012) and Dobes and Paule (2010) . Using BEAST on the plastid Rosoideae dataset we estimated the 95 % highest posterior density of the crown age of Rosaceae as 98Á5-85Á8 Ma. The split between Alchemilla and Comarum/Farinopsis is estimated to have occurred 39Á2-23Á6 Ma ago. Lachemilla and African Alchemilla separated 23Á8-10Á6 Ma ago and the diversification of Alchemilla in Africa (crown age) started 15Á9-5Á7 Ma ago. RelTime dating of the same dataset shows the crown age of Rosaceae as 103Á0-85Á8 Ma, the split between Alchemilla and Comarum/ Farinopsis as 10Á1-8Á4 Ma, Afromilla clade stem age as 3Á5-2Á9 Ma and the crown age of Alchemilla in Africa as 1Á5-1Á2 Ma.
Diversification rate shifts
A birth-death model was selected as the best-fitting model based on the corrected Akaike information criterion (Supplementary Data Table S10). MEDUSA using the 100 randomly sampled trees identified a total of three to five (to seven) diversification rate shifts in Fragariinae. Analyses of the most comprehensively sampled combined tree indicated four shifts (Supplementary Data Table S11A and Fig. S8 ): one at the branch leading to Alchemilla s.s., one at the crown node of Lachemilla, one at the crown of the Afromilla clade and one along the branch leading to the southern African clade. Similarly, analyses of the pruned tree (Supplementary Data  Table S11B ) revealed rate shifts at the crown node of the Alchemilla s.l. and related groups, one at the crown node of Alchemilla s.l. and one at the crown node of the southern African clade. These shifts do not obviously correspond with the evolution of the dwarf shrub habit (output details of all runs can be obtained from the authors upon request).
BAMM analyses indicated acceleration in the diversification rate leading to Alchemilla s.l. from the low rates and slightly negative net diversification in other Fragariinae clades (Fig. 5,  Supplementary Data Fig. S9 ). Extinction rates seem to be constant through time, but speciation rates vary. We inferred three distinct configurations within the 95 % credible shift sets using the pruned tree and five using the large tree. Distinct diversification regimes were associated with the Alchemilla s.l. clade (pruned) or the dissected clade of Alchemilla s.s., but never with the dwarf shrub clade (Supplementary Data Table S10 ).
DISCUSSION
Independent evolution of dwarf shrubs in Africa
Ancestral character reconstructions show clearly that dwarf shrubs have evolved in African Alchemilla at least twice independently (Fig. 3) . The repeated evolution of dwarf shrubs as an in situ adaptation to alpine-like climate conditions seems to have occurred in other areas as well, e.g. numerous times in different groups in the Andean páramos (Sklenář et al., 2011) . This is similar to the repeated parallel evolution of other characters that are key to survival in alpine environments, such as larger capitulum size in Artemisia (Tkach et al., 2008) , a cushion life form (Roquet et al., 2013) or deciduousness (Zanne et al., 2014) .
Our results suggest further that the ancestor of dwarf shrubs in African Alchemilla had a woody base (nodes 4 and 5 in Fig.  4 ; as seems to be the most common growth form in Fragariinae outside Fragaria and more closely related groups), as opposed to being strictly herbaceous. Both in situ origin and partial ancestral woodiness correspond well to the general concept of insular woodiness sensu Carlquist (1974) as a form of secondary woodiness (Lens et al., 2012) . The fact that Alchemilla seems to have had pre-adapted wood structure that enabled it to establish itself in the Afroalpine also corresponds well to a recent meta-analysis showing that woody plants in freezing environments generally had already evolved necessary wood-vessel traits before the climate occupancy (Zanne et al., 2014) . Moreover, our ancestral reconstructions indicate reversals in African Alchemilla outside the Afroalpine to an entirely herbaceous form, a transition rarely reported for angiosperms (Carlquist, 2001 ) but seemingly more common in some groups than previously believed (Soltis et al., 2013) .
All dwarf shrub Alchemilla species are exclusively or at least mainly restricted to the Afroalpine, but not all Afroalpine Alchemilla have evolved into erect shrubs. The adaptive advantage of this habit remains to be tested. However, research on dwarf shrubs in other alpine-like environments suggests that woody and erect stature is advantageous due to its influence on the local microhabitat (Körner, 2012) . This includes warmer conditions and lower wind chill (Körner and Paulsen, 2004) , which might increase survival during night-time freezing, which can occur throughout the year in the Afroalpine. The increased leaf-litter accumulation and decomposition rates (Cornelissen et al., 2007) and greater seedling survival (Klanderud and Totland, 2004) shown in other dwarf shrubs might contribute to the ability of Alchemilla shrubs to become the dominant species in moist Afroalpine habitats just as much as it has helped other dwarf shrubs to dominate wet tundra ecosystems around the world (Gorsuch et al., 2001) . Böhle et al. (1996) suggested that diversification of Echium (Boraginaceae), a prominent example of a group with insular woodiness, was due to a longer reproduction lifetime in longerlived woody plants, which leads to a greater ability to colonize new islands, rather than adaptation to the ecological environment. Similar effects could apply to the ability to reproduce asexually, i.e. to reproduce successfully in the absence of other individuals or pollinators. It is still unknown to what extent African Alchemilla species reproduce through agamospermy or sexually and, if they do reproduce sexually, to what extent they are reliant on biotic vectors. The absence of showy flowers and inflorescences in Alchemilla dwarf shrubs might suggest lesser reliance on pollinators. Several African species of hybrid origin have been described (e.g. A. dewildemanii, A. elgonensis Â A. johnstonii, A. subnivalis Â A. stuhlmannii), suggesting that gene flow does occur at least occasionally in African Alchemilla. This is further implied by the differences between plastid and nuclear gene trees for a number of accessions of the Afromilla clade (Supplementary Data Figs S3 and S4) . It is thus conceivable that establishment of Alchemilla in the different disjunct sky islands of the Afroalpine was facilitated by longevity and/ or agamospermy, but that the latter may then have been facultative.
Long-distance dispersal and establishment of tropical alpine dwarf shrubs Alchemilla most likely established first in tropical East Africa after long-distance dispersal (LDD) from western Eurasia before spreading to other regions in Africa (Fig. 4) . This is not consistent with Hedberg's (1964) 'stepping stone' scenario, in which he postulated that most taxa colonized the Afroalpine via the Arabian Peninsula and initial colonization of the Ethiopian highlands. However, it must be noted that, irrespective of the route, the establishment of Alchemilla in Africa can only have been by LDD from another continent. Research into the assemblage of island floras has shown that the limiting factor in colonization of novel habitats is often establishment rather than dispersal (Alsos et al., 2007) , even when there is a lack of obvious dispersal adaptations, as is the case with Alchemilla nutlets. The likelihood of LDD events is generally hard to model (Nathan, 2006) and dispersal from the mountains in Turkey to Simien in Ethiopia ($3000 km) may be no more or less unlikely than to Mount Elgon on the border between Kenya and Uganda ($4000 km). Hence, the most parsimonious reconstructed scenario, involving initial establishment in tropical East Africa with two or three subsequent colonizations of Ethiopia, may be more likely than initial establishment in Ethiopia with subsequent dispersal to tropical East Africa, which involves more LDD events (albeit over shorter distances). An aspect of LDD in the Afroalpine is that species with widespread species distributions often show occasional gene flow between populations on different mountains despite their separation by (for Alchemilla and other mountain plants) inhospitable lower elevations Wondimu et al. 2014) .
Recent evolution of dwarf shrubs
The evolution of dwarf shrubs in the tropical Afroalpine was relatively recent, regardless of the large differences in the age estimates derived from different dating methods (Table 1 ). The lognormal relaxed-clock model implemented in BEAST seems to perform particularly inconsistently with the matrices analysed here, especially the full Rosaceae dataset. Recent analyses of the family based on the same method (Töpel et al., 2012) date the stem age of the Rosaceae to be well over 100 Ma, compared with broader-scale analyses in which the stem age of the family is considered likely to be between 90 and 94 Ma (Crepet et al., 2004) . Our own dating of Rosoideae shows large differences between the dates estimated using BEAST and RelTime. If we accept the older estimates (BEAST dates), then dwarf shrubs in the tropical Afroalpine environment would still not be older than 1Á2 Ma (3Á5-0Á2 Ma: A. haumanii) and 6Á0 Ma (9Á8-2Á5 Ma: stem age of the dwarf shrub clade). The more recent estimates (RelTime) suggest that the age could be as young as 0Á9-0Á5 and 1Á7-0Á9 Ma. RelTime, the seemingly more consistent dating method here and therefore potentially the more reliable one, places dwarf shrub evolution in the Pleistocene. In tropical Africa this period was characterized by repeated marked changes in vegetation cover with a trend in aridification due to the establishment of the Arctic ice sheet leading to a well-established downward shift in Afromontane forest (Bonnefille, 2010) . These conditions probably resulted in an expansion of available niche space for Afroalpine plants (Harmsen et al., 1991) .
No evidence for increased diversification rates in tropical Afroalpine dwarf shrubs
Of two dwarf shrub lineages in African Alchemilla, one did not diversify, i.e. A. haumanii (the dominant Alchemilla species in Bale and adjacent mountain areas of south-eastern Ethiopia). The other, the dwarf shrub clade, radiated into at least seven species, mostly with distribution confined to single mountain regions in East Africa.
We did not recover evidence for an increase in diversification rates in tropical Afroalpine dwarf shrubs in Alchemilla. It is a relatively species-rich clade in the tropical Afroalpine, as on average genera are represented by only three species in the area (Hedberg, 1957) , compared with 12 species of Alchemilla (nine dwarf shrubs and three other species with a different growth form). However, it is likely that these numbers are simply too small to reveal diversification rate shifts with statistical significance. Some other plant groups in alpine environments appear to show a slowdown in speciation rates (Kadereit et al., 2004) . Such a scenario is also not apparent in the Afromilla clade. Dwarf shrub species of Alchemilla can dominate habitats in the Afroalpine, forming 'Alchemilla woodlands' (Hedberg, 1951) . The trait may contribute to local species abundance and facilitate colonization of alpine habitats in different areas. Our results suggest that occasional LDD events, followed by successful establishment and allopatric speciation, may explain the modest diversification in this clade and the pattern of regional endemism observed today.
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